Heavy losses incited yearly by Alternaria brassicicola on the vegetable Brassicaceaehave prompted our search for sources of genetic resistance against the resultant disease, dark leaf spot. We optimized several parameters to test the performance of the plants under controlled conditions to this disease, including leaf age and position, inoculum concentration, and incubation temperature. Using these optimized conditions, we screened a collection of 38 Brassicaceae cultigens with two methods (detached leaf and seedlings).
The soil type was a pseudopodsolic over loamy sand (1.5% organic matter, pH 6.5). The tested 170 plants were grown from seeds in the greenhouse in the mid-May. Three weeks-old seedlings 171 were planted in the field, with 50 cm between plants in the row and 60 cm between the rows. The 172 design was a randomised complete block with three replications. Plots consisted of 10 plants in a 173 single row. Fertilisation, irrigation, and pest control followed the current recommendations for 174 cabbage production. No fungicides were applied during the vegetation period, for evaluation of 175 resistance of the cultigens.
176 Disease ratings 177 The degree of infection on detached leaves or seedlings was assessed four days after inoculation. 178 The field trials were assessed gradually from the mid-September until the mid-October, when 179 plants reached maturity. Disease intensity was rated using 0 -5 scale: 0 = no spots and no 180 chlorosis on the investigated plant organ, 1 = disease symptoms visible on up to 10% area of the 181 investigated plant organ, 2 = disease symptoms visible on 11% to 25% area of the investigated 182 plant organ, 3 = disease symptoms visible on 26% to 50% area of the investigated plant organ, 4 183 = disease symptoms visible on 51% to 75% area of the investigated plant organ, 5 = disease 184 symptoms visible on more than 76% area of the investigated plant organ. The disease severity 185 index (DSI) was calculated for each cultigen as a mean of the ratings determined for the 186 seedlings/leaves, respectively, similar to other studies of this pathosystem (Hansen & Earle 1997 , 187 Doullah et al. 2006) . 188 At the beginning of this study, such arithmetically biased methods of assessment of Alternaria
Results

254
255 Bio-assay optimization 256 Disease resistance in a breeding program is best tested in the field, under natural pathogen 257 infection. In contrast to this method, growth chamber tests can often be fast, efficient, and high-258 throughput. Therefore, we attempted optimization of the seedlings and detached leaf assays 259 under controlled conditions for the brassicas -A. brassicicola pathosystem, varying the 260 inoculum concentration, age of leaf, leaf position, and incubation temperature. We later assessed 261 the reliability of these two methods, by comparing their results with data from field assays.
262
For optimization of the inoculum concentration, four concentrations (10 3 , 10 4 , 5 × 10 4 , and 263 10 5 conidia × ml -1 ) were used. Due to lack of significance (F = 0.578; p = 0.63) for the 264 interaction cultigen × inoculum concentration, main effects of both factors were investigated 265 separately with one-way-ANOVA and post-hoc Tukey tests. Disease severity increased as the 266 inoculum concentration increased above 10 3 conidia × ml -1 on all tested cultigens except S. alba, 267 regardless of their susceptibility to A. brassicicola (Fig. 1) . Our data shows lack of significant 268 differences between the disease severity recorded at the two highest conidial concentrations (F = 269 2.854, p = 0.093). The critical inoculum concentration appeared to be 5 × 10 4 conidia × ml -1 , 270 since only here and under higher concentration, the pathogen evoked modest disease symptoms 271 in the resistance standard S. alba. Based on the data, either of the two highest inoculum 272 concentrations can be used, and the subsequent bio-assays employed the 10 5 conidia × ml -1 273 inoculum concentration.
274
Experimental results indicated that leaf age (p < 0.001) and genotype (p < 0.001), as well as 275 their interaction (p < 0.001) had significant effects on disease intensity levels among the tested 276 cultigens (Fig. 2A) . Irrespective of cultigen susceptibility to A. brassicicola, older leaves 277 exhibited more symptoms than younger leaves. (for cultigens: p < 0.001; for 35/45-day old and 278 older: p < 0.001; for interaction cultigen × age: p < 0.05). Since the DSI of PGH08C and 279 PGH33P lacked significant differences from each other at 45-or 55-day old, the ranking of the 280 cultigens resistance would not be affected by selecting leaves at these stages. For all further 281 assays, leaves from 45-day old plants were used, to reduce the length of experiments.
282
We observed significant effects of leaf position (p < 0.001), genotype (p < 0.001), and their 283 interaction (p < 0.001) on disease intensities among the tested cultigens (Fig. 2B) . We observed 284 that for all cultigens, the oldest detached leaves (1 st and 2 nd leaves) displayed more intense 285 disease symptoms compared with the younger ones. For cultigens PGH05I and PGH08C, the 286 DSI lacked significant differences between the oldest leaves (1 st and 2 nd leaves) and middle ones 287 (3 rd and 4 th leaves), whereas for the other two cultivars, we recorded significantly higher DSI on 288 the oldest leaves, compared with the younger stages tested. Based on these results, we chose 289 testing the 3 rd and 4 th leaves in the subsequent experiments, as to limit the susceptibility groups 290 that arise.
291
Our data on the seedlings and detached leaf bio-assays under temperatures 18, 22, 25, or 292 30 °C, suggest a significant effect of this parameter on disease intensity, regardless of the 293 A. brassicicola susceptibility of the cultigen (Fig. 3) . ANOVA analyses indicated significance 294 for temperature  cultigen interactions for both, leaf and seedling tests (p = 0.001, and 0.038, 295 respectively). In both tests, three out of five tested cultigens showed no significant differences 296 between 22, 25, and 30 °C. Moreover, all cultigens in both tests showed no differences between 297 25 and 30 °C. In the seedlings tests, the DSI values for 25 °C differed significantly from a lower 298 DSI noted for 18 °C regardless of the cultigen tested, exceeding slightly the DSI for either 22 °C 299 or 30 °C. For the detached leaf tests (Fig. 3A) , analysis of variance showed that incubation 300 temperature had no effect on disease severity for most tested cultigens (p > 0.05). The significant 301 differences between various incubation temperatures were apparent only for the line PGH33P (F 302 = 27.8526, p < 0.001). In case of other cultigens, there was either no significant difference 303 
318
Analysis of variance revealed a significant effect of the cultigen (p < 0.001), driving the 319 impact of the interaction of cultigen × testing method (p < 0.001) on the disease severity. From 320 the 38 cultigens tested using both methods, two cultigens PGH05I and PGH25I displayed the 321 lowest disease symptoms (DSI = 1.65±0.7 and 1.90±0.8, respectively), followed by PGH34K 322 (2.12±0.6) and PGH28K (2.70±1.0). The remaining cultigens showed various degrees of 323 susceptibility to A. brassicicola in both, the detached leaf assays and the seedlings assays. From 324 the two resistance standards tested, S. alba showed barely any disease symptoms, while C. sativa 325 remained free of the dark leaf spot symptoms.
327 Field evaluations and test cross-comparison
328
Twenty three Brassicaceae cultigens were tested in the field and showed a broad range of 329 dark leaf spot severity (Table 1 ). The lowest DSI values were obtained for 'Sława z Enkhuizen' 330 (0.8±0.3), 'Kilagreg F 1 ' (1.3±0.6), and PGH24K (1.4±0.1). Five other cultigens (PGH36K, 331 PGH05I, PGH23K, PGH35C, and PGH22K) expressed slightly higher, but still relatively low 332 disease severity (from 1.8 to 2.2). The highest disease severity (4.4) was observed for 'Bilko F 1 ', 333 PGH12P, and 'Kamienna Głowa'. Ratings for the remaining cultigens tested in the field ranged 334 from 2.7 to 3.3, representing a rather narrow range.
335
When comparing the bio-assays results with field data (Table 1) , it was apparent, that 14 336 cultigens differed in response to A. brassicicola. Based on the statistical model generated by the 337 two-way ANOVA, genotype had a higher effect on the disease intensity (p < 0.001) than the 338 testing method used (p < 0.001), driving the interaction of both factors (p < 0.001). For most 339 cultigens, the DSI under field conditions was lower than observed in the laboratory tests, with 340 the exception of a few cultigens. Lower DSI in the field than in the bio-assays were observed for 341 majority of cultigens tested (PGH09K; PGH22K; PGH23K; PGH24K; PGH30K; 'Kilagreg F 1 '; 342 PGH36K; PGH35C; 'Sława z Enkhuizen', PGH02C, PGH03C, PGH04C, PGH17K, PGH19K), 343 while only PGH05I showed inverse behavior, with worse field than laboratory performance, yet 344 of small effect in terms of the biological impact. Correlation analyses between the field results 345 and either leaf or seedling bio-assays (respectively, 0.408; 0.244) confirmed this result (only 346 cultigens analyzed under all three testing methods were included here; Table 1 ). Thus, regardless 347 of the results of the laboratory screens, resistance breeding must be confirmed under field 348 epidemics.
349
In summary, we optimized several parameters important for standardizing two bio-assays of 350 Brassicaceae cultigens with relation to their response to A. brassicicola inoculation. In the 351 course of this study, we confirmed the inverse relationship between plant (leaf) age and 352 A. brassicicola resistance. Comparison of both testing methods (seedlings and detached leaf) 353 with the field data using a broad array of cultigens indicated that (i) under controlled conditions, 354 the genotype rather than the testing method underlies the cultigen's resistance; (ii) the stringent 355 conditions of our optimized laboratory screens allowed to reliably distinguish the (moderately) 356 resistant cultivars from the susceptible ones; (iii) field assays confirmed the particularly good 357 performance of the line PGH05I, despite minor DSI differences. After optimizing the main parameters for the bio-assays, we sampled the ongoing 361 experiments for comparative microscopic analyses of the infection process in plant materials 362 differing in response to A. brassicicola. Confocal microscopic analyses of dually stained samples 363 visualized the subcellular events following the pathogen inoculation.
364
Staining of chitin in the pathogen cell wall with trypan blue, and of callose deposited in the 365 host plant papillas with aniline blue, visualized the interactions between the pathogen and the 366 host plants. Various stages of pathogen infection (germinating conidia, aerial hyphae growth, 367 epidermal and stomatal penetrations, establishment of haustoria and secondary hyphae) together 368 with the plant's defense against infection (papilla depositions) were observed (Fig. 4) . These 369 analyses showed that A. brassicicola invades leaf surface by means of both, direct penetration 370 and entry growth stomata. Detailed counting of the penetration events suggested a novel 371 hypothesis on the relationship between plant's susceptibility status and the penetration mode 372 assumed by the pathogen. The susceptible plants tested were predominantly infected by direct 373 hyphae growth or penetration through appressorium, with only occasional stomatal infection 374 (line PGH12P; p = 0.0014; n = 43), or lacked significant preference to the infection mode 375 (PGH33P, 'Kamienna Głowa'; Table 2 ). Contrastingly, the defenses raised by the line PGH05I 376 with the lowest DSI, necessitated the pathogen to penetrate through the stomata instead (p = 377 0.005; n = 15). These differences are unlikely to be explained by increased number of stomata in 378 this resistant cultigen (Table 2) , as even including the increased stomata density in this line into 379 the χ 2 test only slightly weakens the result (p = 0.07 for 11 stomatal vs. 4 direct penetration 380 attempts). Papilla deposition or size lacked statistical differences in relation to plant's 381 susceptibility level (Fig. 4 and papilla sizes data not shown; PGH12P: 119.62±44.58 μm 2 ; 382 PGH05I: 188.25.25±71.25 μm 2 ; p = 0.09). Taking into account lack of differences in papilla size 383 or deposition pace, the above observation suggests the varying papilla composition as one of the 384 factors responsible for the pathogen penetration mode, and -hence -plant's resistance.
Involvement of host plant's actin filaments in generating the defense response (papilla 386 deposition) to A. brassicicola infection was studied afterwards. Phalloidin labeled with 387 rhodamine effectively stained the actin filaments of both, the plant cells and A. brassicicola 388 hyphae. From the seven tested protocols of actin staining, we only succeeded with one method 389 (see the Methods section) with slight modifications. Further attempts at modifications of the 390 staining procedure, such as exchange of buffering or chelating agents, failed to improve the stain. 391 Taken together, this suggests that effective staining of actin networks requires extensive 392 experimentation, depending on the analyzed species/pathosystem.
393
Based on our observations, pathogen inoculation resulted in rapid reorganization of the 394 subcellular actin filaments networks, in terms of localization and densities. While the inoculated 395 plants showed strands of filaments running across the cells without particular order, this changed 396 drastically already at 2 dpi, and was confirmed at 4 dpi. The developing papilla served as focal 397 point for actin filaments network, enclosing the papilla in a cocoon (Fig. 4) Lennard (1996) diligently tested the host and non-host reactions of susceptible 552 plant materials on an array of Alternaria species; it could be their use of susceptible lines that 553 resulted in comparatively low proportion of stomatal attempted infections. In contrast, we 554 studied the infection mode in relation to host plant's resistance in cultigens showing different 555 reactions to inoculation with A. brassicicola. While the highly susceptible cultigens were readily 556 infected by direct epidermal penetration, the host defenses present in the moderately resistant 557 cultigen PGH05I necessitated infection by the stomata. This observation needs to be confirmed 558 on a larger array of cultigens, particularly because we only used one (moderate) resistant cultigen 559 in the microscopic studies. Rapid subcellular changes upon perceived pathogen attack were 560 further underscored by strong evidence of actin networks engaging in defense responses, tightly 561 surrounding the developing papilla -irrespective of host plant's resistance. It is in agreement 562 with McRoberts & Lennard (1996) , who also reported rapid primary resistance response in both 563 host and non-host systems, but also claimed callose deposition per se relatively unimportant to 564 the outcome of the resistance response. Thus, also in the light of our findings, further research on 565 papilla composition in plants of contrasting A. brassicicola response might shed more light on 566 the background of molecular mechanisms of resistance in either cultigen. Investigation of plant 567 hormones' interplay (jasmonic acid, abscisic acid, and salicylic acid) ; 568 Su'udi et al. 2011) and their influence on host plant's susceptibility/resistance is of particular 569 import for comprehension of the subcellular defense mechanisms in the pathosystem studied 570 here.
Conclusions
573
574 Genotype of the Brassicaceae cultigens studied in this project played a crucial role in 575 determining their resistance against A. brassicicola, irrespective of two phytotron testing 576 methods employed. From the bio-assay variables undergoing optimization, the developmental 577 stage of the materials tested had the largest influence on disease severity, in agreement with the 578 accepted "age-conditioned susceptibility" for Alternaria blight. Inoculum concentration, 579 followed by incubation temperature, also influenced disease severity. All parameters affected the 580 reaction of the plant to the pathogen, irrespective of their resistance status. Reactions to the 581 pathogen lacked major differences under the two phytotron methods used, but several cultigens 582 performed comparatively better in the field, suggesting that we applied particularly stringent 583 conditions for either detached leaf or seedlings tests. Two interspecific hybrids with promising 584 levels of A. brassicicola resistance were identified from among the pool of 38 cultigens included 585 in this study, with potential for further resistance breeding and phytopathological studies. 586 Microscopic visualization of the infection process in cultigens differing in susceptibility levels 587 helped formulate a novel hypothesis on differences in pathogen infection mode being related to 588 host plant's resistance. Also, papilla composition is likely an important factor in the resistance of 589 the host plant, with actin networks participating in generating the defense responses. Our bio-590 assays and microscopic data contribute a material advancement in the economically important 591 cabbage-A. brassicicola pathosystem. 
